Nanofillers modification of Epocast 50-A1/946 epoxy for bonded joints  by Khashaba, U.A. et al.
Chinese Journal of Aeronautics, (2014),27(5): 1288–1300Chinese Society of Aeronautics and Astronautics
& Beihang University
Chinese Journal of Aeronautics
cja@buaa.edu.cn
www.sciencedirect.comNanoﬁllers modiﬁcation of Epocast 50-A1/946
epoxy for bonded joints* Corresponding author. Tel.: +966 20 100227834; fax: +966 20 55
2304987.
E-mail addresses: khashabu@zu.edu.eg, khashabu@hotmail.com
(U.A. Khashaba).
Peer review under responsibility of Editorial Committee of CJA.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.cja.2014.08.007
1000-9361 ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. Open access under CC BY-NC-ND license.U.A. Khashaba *, A.A. Aljinaidi, M.A. HamedDepartment of Mechanical Engineering, Faculty of Engineering, King Abdulaziz University, Jeddah 21589, Saudi ArabiaReceived 11 November 2013; revised 17 January 2014; accepted 3 April 2014
Available online 20 August 2014KEYWORDS
Iosipescu shear tests;
Nanocomposites;
Optimum nanoﬁller weight
percentage;
Scanning electron
microscopic;
Tension tests;
UltrasonicAbstract Epocast 50-A1/946 epoxy was primarily developed for joining and repairing of compos-
ite aircraft structural components. The objective of the present work is to modify the Epocast epoxy
resin by different nanoﬁllers infusion. The used nanoﬁllers include multi-walled carbon nanotubes
(MWCNTs), SiC and Al2O3 nanoparticles. The nanoﬁllers with different weight percentages are
ultrasonically dispersed in the epoxy resin. The sonication time and amplitude for MWCNTs are
reduced compared to Al2O3 and SiC nanoparticles to avoid the damage of MWCNTs during son-
ication processes. The fabricated neat epoxy and twelve nanocomposite panels were characterized
via standard tension and in-plane shear tests. The experimental results show that the nanocompos-
ites materials with 0.5wt% MWCNTs, 1.5wt% SiC and 1.5wt% Al2O3 nanoparticles have the
highest improvement in the tensile properties compared to the other nanoﬁller loading percentages.
The improvements in the shear properties of these nanocomposite materials were respectively equal
to 5.5%, 4.9%, and 6.3% for shear strengths, and 10.3%, 16.0%, and 8.1% for shear moduli. The
optimum nanoﬁller loading percentages will be used in the following papers concerning their effect
on the bonded joints/repairs of carbon ﬁber reinforced composites.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
This study is a continuation of our previous work, introduced
in Khashaba et al.1,2 on the development of differentepoxy-nanoﬁller systems that are essentially used for nano-
hybridization of ﬁber reinforced composites, which were exten-
sively used in automotive industries. They modiﬁed epoxy
resin PY 1092-1/HY 1092 by different nanoﬁllers to develop
high performance nano-hybrid quasi-isotropic glass ﬁber com-
posite laminates. The modiﬁed Epocast epoxy in the present
work will be used to develop bonded joints/repairs of carbon
ﬁber reinforced epoxy (CFRE) composites.
Sonication parameters play a key role in dispersion of
nanoﬁllers in epoxy resin. These parameters includes beaker
material and dimensions, cooling medium (air, water, water/
ice), temperature control via probe, sonicator probe diameter,
immersion depth of the sonicator probe, sonication power and
amplitude, sonication time, sonication energy densities
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of these parameters depend on viscosity of the epoxy resin
and the type of nanoﬁllers. Maximum sonication amplitude
for long time with suitable cooling medium and temperature
control can be applied for spherical nanoparticles to obtain
high performance nanocomposite materials.2 Bittmann et al.3
reported that the best dispersion results of nanoparticles in
epoxy resin are obtained at the highest amplitude of 100%,
and hence the highest power input. Therefore, in the present
work, 100% sonication amplitude (750 W) was applied for
60 min to disperse Al2O3 and SiC nanoparticles in epoxy resin.
Sonication process of carbon nano tubes (CNTs) can result in
defects on the ends and the walls of CNTs and even cutting the
tubes.4–8 Therefore, Steinmetz et al.8 recommended that the
sonication time should be kept as short as possible. They
applied 20 min for sonication unpuriﬁed nanotubes and
30 min for puriﬁed tubes in epoxy resin. Accordingly, in the
present work the sonication amplitude and time of MWCNTs
are lower than that for Al2O3 and SiC nanoparticles. Uddin
and Sun9 reported that the spherical shape of Al2O3 nanopar-
ticles (lower aspect ratio) results in good dispersion in epoxy
resin compared to MWCNTs, which have relatively higher
aspect ratio. The intrinsic van der Waals attraction among
MWCNTs, in combination with their high surface area and
high aspect ratio, often leads to signiﬁcant agglomera-
tion.1,10–14 The aggregated CNTs are in the form of bundles
or ropes14 with highly entangled network structures that are
very difﬁcult to disperse. Therefore, in the present study, the
selected weight percentages of MWCNTs are lower than that
for Al2O3 and SiC nanoparticles.
Hu et al.15 modiﬁed the epoxy resin by multi-walled car-
bon nanotube (MWCNT) and vapor grown carbon ﬁber
(VGCF). The nanophased epoxy resin was used at the inter-
face of conventional CFRP laminates. Their results showed
signiﬁcant improvement in Mode-I interlaminar tensile
strength and fracture toughness of CFRP laminates. For
epoxy bulk composites, the two nanoﬁllers play a similar role
of good reinforcement in Young’s modulus and tensile
strength. The performance of VGCF in CFRE laminates is
better than that of MWCNT and vice versa in bulk compos-
ites. Li et al.16 investigated the effects of acid treatment, pres-
sured curing, and liquid rubber (LR) as factors inﬂuencing
the mechanical properties of MWCNT-reinforced nanocom-
posites. Acid treatment results in better dispersion of
MWCNTs and stronger interface and accordingly, the tensile
properties and fracture toughness are obviously improved.
Addition of LR results in at least around a threefold increaseTable 1 Typical properties of Epocast 50-A1 resin/hardener 946 ep
Property 50-A1 resin Harden
Color Amber Straw
Density (kg/m3) 1210 1050
Viscosity at 25 C (PaÆs) 7.77 0.4
Gel time of 100 g at 25 C (min) – –
Shelf life at 25 C, unopened (month) 12 12
Mix ratio 100 parts by weight 15 parts
Curing and handling 50-A1 resin/Hardener 946 system
after room temperature gel
Handling and machining may bin fracture toughness compared with pressured curing
Epoxy/MWCNT.
Epocast 50-A1/946 epoxy was primarily developed for join-
ing and repairing composite aircraft components. The main
objective of the present work is to improve the mechanical
properties of the Epocast epoxy through nanoﬁllers infusion.
Different nanocomposite materials were fabricated through
ultrasonic dispersion of MWCNTs, SiC and Al2O3 nanoparti-
cles with various weight percentages in epoxy resin. The tensile
properties of the developed nanocomposite materials were
characterized in accordance with ASTM D 638. In-plane shear
properties were determined for the nanocomposite materials,
which have the maximum improvements in the tensile proper-
ties via Iosipescu shear tests according to the ASTM D 5379.
The developed optimum nanocomposite materials will be used
in the following papers as adhesives for bonded joints/repairs
of carbon ﬁber reinforced adherend composites.2. Experimental work
2.1. Materials
The used epoxy is bisphenol A diglycidyl ether resin consisting
of two parts, which are epoxy part-A (Epocast 50-A1 resin)
and epoxy part-B (Hardener 946) manufactured by Huntsman
Advanced Materials Americas Inc. The epoxy system is an
unﬁlled, solvent-free, easy-to-handle material for the manufac-
ture and repair of composite structures. Tables 1 and 2 show
the properties of the used epoxy and nanoﬁllers respectively.
The different types of nanoﬁllers (Al2O3, SiC, and MWCNT)
were manufactured by Timesnano, Chengdu Organic Chemi-
cals Co. Ltd, Chinese Academy of Sciences.
2.2. Preparation of neat epoxy panel
Epoxy part A (100 part by weight) was mixed with the hard-
ener (epoxy part B, 15 part by weight) and stirred manually
for 5 min. Epoxy part B was added gradually (i.e. drop by
drop) while the mixture was stirred. The epoxy is then poured
into glass mold (350 mm · 350 mm) treated by release agent
(liquid wax). The mold was then precured in an oven Model
DZF-6050 at a temperature of 35 C for 20 min and post cured
by ramping the temperature up to 80 C and held for 2 h. Pre-
curing epoxy at 40 C will reduce its viscosity and accordingly,
allow air bubbles to escape from the high surface area of the
mold,20 in which epoxy height is less than 5 mm.oxy as received.
er 946 50-A1 resin/hardener 946 system Test method
Amber Visual
1180 ASTM D 792
2.4 ASTM D 2196
20 ASTM D 2471
– –
by weight 115 parts by weight –
post cured at 77–93 C for two hours or ﬁve days at 25 C
e done after 8–16 h at room temperature
Table 2 Typical properties of nanoﬁllers.
Nanoﬁller Property
Dimensions and purity Strength (GPa) Modulus (GPa)
Al2O3 Spherical with outer diameter = 15 nm 2 300
17
Purity > 99.9wt%
SiC Spherical with outer diameter = 20 nm 3.44 430-46018
Purity > 99.9wt%
MWCNTs Outer diameter < 8 nm, Length = 30 lm 100 100019
Purity > 95wt%
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2.3.1. Determination the weights of nanoﬁllers and epoxy
Based on the densities of epoxy part-A (Epocast 50-A1 Resin)
and part-B (Hardener 946) shown in Table 1 the following
quantities were ﬁxed during the preparation of the nanophased
epoxy:
(1) 500 cm3 (605 g) of Epocast 50-A1 resin (Part A).
(2) 86.5 cm3 (90.8 g) hardener 946 (Part B).
(3) Masses of nanoﬁller materials (g) were calculated based
on the total mass of 50-A1 resin/hardener 946 system
(695.75 g).
(4) Because the spherical shape of SiC and Al2O3 nanopar-
ticles (lower aspect ratio) result in good dispersion in
epoxy resin compared to MWCNTs, which have rela-
tively higher aspect ratio, the selected weight percentages
of the former materials (0.5%, 1.0%, 1.5%, 2.0%) are
higher than that for latter one (0.25%, 0.50%, 0.75%,
1.00 %). The total number of fabricated panels is thir-
teen as: four panels MWCNT/E, four panels Al2O3/E,
four panels SiC/E, and one control panel from neat
epoxy. Because of the fabricated panels with the same
nanoﬁller type have the same color (transparent for neat
epoxy and Al2O3, gray for SiC, and black for MWCTs)
the panels were painted with different colors. The nano-
composite materials were coded by the ﬁrst capital letter
of the nanoﬁller material and the weight percentages as
shown later.
2.3.2. Stirring of nanoﬁllers in epoxy resin
The predetermined wt% of nanoﬁllers is mixed manually in
500 cm3 epoxy part-A by adding them little by little to the
epoxy for 5 min. The mixture is then mechanically stirred for
5 min using high-speed homogenizer with a rotational speed
of 24000 r/min to obtain uniform distribution of nanoparticles
in epoxy part-A. To avoid the damage of MWCNTs, the
mechanically stirring is applied only on Al2O3 and SiC
nanoparticles.
2.3.3. Sonication of nanoﬁllers/epoxy mixture
In the present work the different nanoﬁllers were dispersed in
epoxy resin using a high intensity Ultrasonic Processor
(750 W), Cole-Parmer, Inc., USA. The dispersion of nanoﬁl-
lers is more difﬁcult in a viscous medium, where the viscosityof polymer increased sharply as the nanoﬁller weight percent-
age increased. Therefore, the following sonication parameters
are carefully selected based on the literature review to disperse
the different nanoﬁllers in epoxy Part A:
(1) During the sonication process the temperature of the
mixture can be raised to more than the boiling tempera-
ture causing foaming of the mixture and deterioration of
the mechanical properties of the epoxy.21 Therefore, the
maximum temperature of the mixture was kept lower
than 70 C through temperature probe that is ﬁxed at
about 1 cm away from the sonicator probe. The sonica-
tion time was ﬁxed to 60 min for Al2O3 and SiC
nanoparticles and 30 min for MWCNTs. The tempera-
ture control will stop the sonication process at 70 C
until the temperature is reduced then starts again auto-
matically. This process can consume much time to com-
plete the sonication process. To reduce the sonication
time, the mixture was placed inside aluminum beaker
with small diameter (80 mm), which immersed in ice
cooling bath to a level roughly equal to that of the inter-
nal mixture. The small diameter aluminum beaker with
their high thermal conductivity will maximize the sur-
face area of the mixture, and consequently the dissipa-
tion of heat through the water/ice cooling bath. In
addition, the small diameter of the beaker will maximize
the mixture-probe surface area exposed to the acoustic
waves that play a key role in deagglomeration of the
nanoﬁllers.
(2) Sonication in pulsed mode retards the rate of temper-
ature increase in the mixture, minimizing unwanted
side effects and allowing better temperature control
than continuous mode operation. Uddin and Sun9
applied the case of 15 s on and 15 s off, while Zhou
et al.22 applied the case of 50 s on and 25 s off. Pulse
mode operation with long off periods will help avoid
foaming in samples.3 Therefore, all the sonication pro-
cesses were carried out in pulsed mode with 15 s on
and 30 s off.
(3) The sonicator probe is the acoustic element that con-
ducts the acoustic energy from the transducer into the
mixture. The amount of acoustic energy transferred to
the mixture depends on the shape and diameter of the
probe and its immersion depth.21 Most of the supplied
probes with the ultrasonic processors have diameters
of 12.5 and 25 mm. Probes with larger tip diameters pro-
duce less intensity, but the energy is released over a
greater area. The larger the tip diameter, the larger the
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Hence, sonicator probe with 25 mm diameter was ﬁxed
for all the sonication processes. The sonicator probe
was ﬁxed at the center of the beaker and away about
20 mm from its bottom.
(4) Another important parameter for the ultrasonic disper-
sion is the sonication amplitude, which is correlated to
the power input into the mixture. The increased viscosity
of the epoxy resin due to mixing nanoﬁllers can dampen
the cavitation process.1 Therefore, 100% sonication
amplitude (750 W) was applied for 60 min for sonication
Al2O3 and SiC nanoparticles. To avoid the damage of
MWCNTs, 30% sonication amplitude (225 W) was
applied for 30 min to disperse them in epoxy resin.
Hence, the energy densities during sonication of Al2O3
and SiC nanoparticles mixtures were 5400 WÆs/mL,
while the sonication of MWCNTs mixture was per-
formed at 810 WÆs/mL.
2.3.4. Removing bubbles from nanophased epoxy resin
In sonication processes cavitation bubbles are develop.
These bubbles are growing during several cycles until they
attain a critical diameter, which induces their implosion.3
The shock waves from the implosive collapsing of the bub-
bles in combination with micro-streaming generated by cav-
itation oscillations lead to dispersion effects. Therefore, the
sonication process can be considered as a removing bubbles
technique.
To complete removing the bubbles, the sonicated nanoﬁl-
lers/epoxy mixture is put in a wide glass beaker to reduce its
height. The beaker is then placed in drying vacuum oven
model DZF-6050 at 133 vacuum pressure and 40 C for 1 h.
Reducing the mixture height and heating up to 40 C under
vacuum will respectively leads to the increase of the mixture
surface area and the reduction of its viscosity. Under such con-
ditions, the included bubbles can be easily escaped from the
mixture.Fig. 1 Tension samples fabricated using silicone rubber mold.
Fig. 2 Dimensions of tension specimens of neat epoxy and
nanocomposites.2.3.5. Mixing the mixture (nanoﬁller and epoxy Part A) with
epoxy Part B
Because Epocast 50-A1/946 has low gel time (20 min, 25 C,
Table 1) it should be noticed that heat can act as a catalyst
and accordingly, reduce the gel time and speed up the curing
process. Therefore, the evacuated mixture (nanoﬁller/epoxy
part-A) was left to cool from 40 C to the room temperature
(23 C) The hardener (epoxy Part B) is then added to the mix-
ture and manually stirred for 5 min. The nanophased epoxy is
now ready to be poured into the mold and/or to be used in
adhesive joints/repairs with and with no nano-hybrid ﬁber
composite batches. The different types of nanocomposites
are prepared and cured by following the same manufacturing
procedure of the neat epoxy panel.
Two types of molds were used in this work. The ﬁrst one is
the glass mold (350 mm · 350 mm). The second one is the sil-
icone rubber mold for the dog-bone tension samples. Although
silicone rubber mold fabricates the samples with neat standard
dimensions, the high surface tension of epoxy increases the
specimen thickness at their edges compared to its center as
shown in Fig. 1. Therefore, all the test samples were fabricated
using the ﬁrst mold.3. Mechanical characterization
The tensile properties (strengths and moduli) of MWCNT/E,
SiC/E, and Al2O3/E nanocomposites with different nanoﬁller
weight percentage are characterized experimentally and com-
pared with neat epoxy. The in-plane shear properties (strengths
and moduli) are determined for the neat epoxy and the nano-
composites, which have the maximum improvements in their
tensile properties. The mechanical tests are carried out on com-
puter controlled universal testing machine model CMT5205/
5305 MTS SYSTEMS at constant cross-head speed of 2 mm/
min.21,23 The actual strains during the tension and shear tests
are monitored and recorded using USB 4-Channels Data
Acquisition Model 9237 NI connected to PC.
3.1. Tension tests
The tension test specimens were cut to the standard dimension
in accordance with ASTM D 638 using CNC abrasive waterjet
machine. The dimensions of the test specimens are illustrated
in Fig. 2. The main advantage of this cutting technique is the
elimination of generated heat associated with conventional
machining processes. High generated heat can burn the matrix
or softening the fabricated materials, which are re-solidiﬁed
after cooling down to room temperature. Softening and re-
solidifying of polymer samples always were associated with
high stress concentration along the cutting path, which leads
to premature failure of the specimens when subject to mechan-
ical loads. In addition, abrasive waterjet machine is a dustless
cutting process and accordingly, it is environmentally safe and
not hazardous.
A total of 52 specimens were tested in tension. Half of them
(26 specimen) are equipped with strain gauges to determine the
Fig. 3 Nanocomposites samples with strain gauges.
Fig. 4 Iosipescu shear test ﬁxture and dimensions of double
V-notch shear test specimen.
1292 U.A. Khashaba et al.actual Young’s moduli. Samples from each nanoﬁller type are
shown in Fig. 3.
3.2. In-plane shear tests
3.2.1. Experimental set-up
In-plane shear tests are carried out on neat epoxy and nano-
composite materials in accordance with ASTM D5379 using
Iosipescu test ﬁxture and double V-notch specimens as shown
in Fig. 4(a) and (b) respectively. The left grip of the Iosipescu
test ﬁxture is ﬁxed rigidly to the base plate as shown in
Fig. 4(a). The entire front face of the specimen remains visible
during testing and hence, the progress of failure can be moni-
tored visually. The principle of the test is to apply a set of pre-
scribed displacements to the V-notch specimen through the
movable right grip, so that the central region of the sample
is under a state of constant shear force and pure shear stress
(zero bending moment).24,25
3.2.2. Preparation double V-notches specimens according to
ASTM D5379
Five double V-notches specimens are prepared and tested in
shear for each material type (neat epoxy, MWCNT/E, SiC/E,
and Al2O3/E nanocomposites). The test specimens were cut
to strips with 76 mm · 20 mm using CNC abrasive waterjet
machine. A 90 double V-notches were machined through the
thickness of the specimen using form-milling cutter for a depth
of 4 mm, as shown in Figs. 4(b) and 5. Two specimens for each
material type are equipped with strain gauges to measure the
shear strain (cxy) and shear modulus (Gxy) as shown in Fig. 5.
The strain gauges are bonded at +45o and 45o at the center
of the test specimen and connected to the PC via 4-channels
Data Acquisition Model 9237 NI as shown in Fig. 6.
4. Experimental results
4.1. Scanning electron microscopic examination
Fig. 7(a) and (b) show SEM examination of some fractured
specimens in tension test. The ﬁgures show good distribution
of MWCNTs and Al2O3 nanoparticles in epoxy resin. Thephotographs show that Al2O3 nanoparticles have larger size
compared to MWCNTs. This observation was due to the lar-
ger diameter of Al2O3 (15 nm) compared with MWCNTs
(8 nm) as shown in Table 2. In addition, the magniﬁcation
Fig. 5 Double V-notch shear samples equipped with strain gauges.
Fig. 6 Iosipescu shear test set-up.
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MWCNTs (98656). Another reason is that the higher weight
percentage of Al2O3 (1.5wt%) may result in small agglomera-
tion in some portion compared to MWCNTs (0.5wt%).
4.2. Tensile behavior of nanocomposite materials
Fig. 8 shows stress-apparent strain curves of neat epoxy and
the different types of nanocomposite materials. The apparent
strains were obtained by dividing the displacement of the test-
ing machine by specimen gauge length (60 mm). The stress-
apparent strain curves of Fig. 8 indicate that all the fabricatedmaterials have nonlinear behavior up to the ultimate load that
followed by catastrophic fracture accompanied with
MWCNTs pull-out as shown in Fig. 7(a). Most of the test
specimens were fractured near the center of the specimens, as
shown in Fig. 9 for MWCNT/E nanocomposites. This result
conﬁrms that fabrication of the nanocomposite materials using
glass molds and machining to the standard dimensions by
abrasive waterjet technique is suitable for preparation of nano-
composite samples.
The results in Fig. 8 also show that the maximum stress and
stiffness (apparent modulus) is for MWCNT/E with 0.5wt%,
SiC/E with 1.5wt%, and Al2O3/E with 1.5wt%. The apparent
Fig. 7 SEM of some fractured nanocomposite samples in tension tests.
Fig. 8 Tensile stress-apparent strain curves of samples from neat epoxy and different types of nanocomposites.
Fig. 9 Photos of some fractured specimens of MWCNT/E nanocomposites.
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tion of the stress-apparent strain curves as shown in
Fig. 8(a). While, the actual moduli were estimated from the
strain–time and stress-time relationships, which are obtained
respectively from the strain gauges accompanied with Data
Acquisition and the PC of the testing machine. It interestingto note that the actual Young’s modulus of 0.5wt%
MWCNT-nanocomposite (4.06 GPa, Fig. 10(a)) is about two
times higher than the apparent modulus (2.1 GPa) as shown
in Fig. 8(a). Similar results were observed for nanoparticles-
composites. This behavior was attributed to the displacements
of the testing machine itself, the clearance in the different joint
Nanoﬁllers modiﬁcation of Epocast 50-A1/946 epoxy for bonded joints 1295in the testing machine, and the micro-slip between the speci-
men and the gripes.24,26 These displacements were added to
the specimen elongation, resulting in lower apparent Young’s
modulus compared to the actual modulus.
Figs. 10–12 show the tensile properties of neat epoxy and
nanocomposites (strengths and actual moduli) and the loss/
gain percentages in these properties compared to neat epoxy.
The results in these ﬁgures show that the nanocomposite mate-
rials with 0.5wt%MWCNTs (M_0.5), 1.5wt% SiC (S_1.5) and
1.5wt% Al2O3 (A_1.5) nanoparticles have the biggest improve-
ment in their tensile properties compared to the other panels.
The results in Fig. 13 show that the improvements in the tensile
properties of M_0.5, S_1.5, and A_1.5 nanocomposites are
respectively 7.5%, 4.0%, and 0.5% for tensile strengths, and
18.2%, 19.7% and 7.1% for tensile moduli.
The well dispersed nanoparticles (SiC and Al2O3) in epoxy
resin act as physical cross-links for the epoxy molecular
chains27,28 that leads to the improvement of the interfacial
bond strength. Therefore, the applied stress can be effectivelyFig. 10 Tensile properties of MWCNT/E nanocomposites with vario
compared to neat epoxy.
Fig. 11 Tensile properties of SiC/E nanocomposites with various wei
neat epoxy.transferred from the matrix to the high strength nanoparticles,
which plays a key role in improving the tensile properties of
the nanoparticle-composites. Although the optimum weight
percentage of MWCNTs is (0.5wt%) lower than that of the
nanoparticles (1.5wt%) and the lower epoxy cross-linking den-
sity induced by MWCNTs,29,30 the MWCNT-nanocomposite
has good mechanical properties compared to the nanoparti-
cle-composites. This result was due to the higher aspect ratio
and mechanical properties of MWCNTs compared to the
nanoparticles as shown in Table 2.
The reason for the lower optimum weight percentage of
MWCNTs (0.5wt%) compared to SiC/E and Al2O3/E nano-
composites (1.5wt%) lies in three aspects: the ﬁrst one is the
difﬁculties to disperse MWCNTs (higher aspect ratio), which
aggregates in the form of bundles or ropes with highly entan-
gled network structure. On the other hand, the spherical shape
of Al2O3 and SiC nanoparticles (lower aspect ratio) results in
good dispersion in epoxy resin compared to MWCNTs, which
have relatively higher aspect ratio. The second reason is theus weight percentages of MWCNT and their gain/loss percentages
ght percentages of SiC and their gain/loss percentages compared to
Fig. 13 Improvements in the tensile properties of the selected
nanocomposites for adhesive joints/repairs.
Fig. 14 Shear stress-displacement curves of samples from neat
epoxy and M_0.5, S_1.5, A_1.5.
Fig. 12 Tensile properties of Al2O3/E nanocomposites with various weight percentages of Al2O3 and their gain/loss percentages
compared to neat epoxy.
1296 U.A. Khashaba et al.dispersion of MWCNTs in epoxy resin at lower sonication
amplitude and time compared to the SiC and Al2O3 nanopar-
ticles to avoid the damage of MWCNTs. Under such
circumstances, the nanophased epoxy with higher weight per-
centage of MWCNTs will agglomerate and result in lower
mechanical properties. The third reason is the higher viscosity
of MWCNT/E mixture owing to the higher aspect ratio of
MWCNTs, the lower sonication temperature result from son-
ication at lower amplitude (30%), using water/ice cooling bath,
and sonication in pulse mode (15 s on and 30 s off). The higher
viscosity of MWCNT/E mixture leads to agglomeration of the
MWCNTs around the inside wall surface of the aluminum
beaker, which was observed visually. Therefore, considerable
attention should be paid to optimize the sonication parameters
of MWCNTs in epoxy resin especially that control the viscos-
ity of the mixture such as using of cooling bath (water/ice,
water, air), sonication temperature using temperature probe,
sonication modes (contentious or pulse), and sonication ampli-
tude that can improve the viscosity of the mixture and damage
the MWCNTs.4.3. In-plane shear behavior of nanocomposite materials
4.3.1. In-plane shear strength
Fig. 14 shows samples from the shear stress–displacement
curves of the nanocomposites with higher tensile properties
and the neat epoxy. The curves show nonlinear behavior up
to the ultimate stress followed by catastrophic fracture in
which the area between the V-notches is broken into small seg-
ments as shown in Fig. 15(b) for alumina-nanocomposites.
Similar behavior was observed for SiC and MWCNT nano-
composites. On the other hand for the neat epoxy, smooth
cracks were initiated at the V-notch roots and propagated to
meet at the specimen center as shown in Fig. 15(a).
Fig. 16 shows SEM examination of some fractured samples
in shear tests. The ﬁgure shows that the fracture surface of neat
epoxy, Fig. 16(a), is relatively smooth compared to the nano-
particles-composites in which the fracture surfaces are highly
rough, wavy and rugged, with more number of steps and cra-
ters as shown in Fig. 16(b) and (c). This behavior is attributed
Fig. 15 Photos of some fractured specimens.
Fig. 16 SEM images of some fractured samples in shear tests.
Fig. 17 Improvements in the shear properties of the selected
nanocomposites for adhesive joints/repairs.
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well dispersed hard nanoparticles that leads to propagation
of crack through the matrix above or below the particles31,32
leaving a layer of epoxy resin covering them. For this reason,
the nanocomposite materials have higher stiffness compared to
the neat epoxy under pure shear stress as shown in Fig. 14.
The results in Fig. 14 show that the ultimate failure stresses
of the nanocomposites are slightly higher than the neat epoxy.
The in-plane shear strengths of the fabricated materials were
calculated from ultimate failure loads as
sxy ¼ P
A
ð1Þ
where A is the cross-sectional area between the roots of two
V-notches, and P is the ultimate load obtained from load–dis-
placement curve of in-plane shear tests. The average in-plane
shear strengths of the different types of nanocomposites were
around (53 ± 0.4) MPa. The improvement in the in-plane
shear strengths of M_0.5, S_1.5, and A_1.5 nanocomposites
were 5.5%, 4.9% and 6.3% respectively compared to neat
epoxy as shown in Fig. 17.
4.3.2. In-plane shear modulus
Figs. 18 and 19 show the different stress and strain relation-
ships of neat epoxy developed from one Iosipescu shear test.
These relationships are necessary to construct the shear stress
(sxy) vs. shear strain (cxy) relationship, and accordingly to cal-
culate the in-plane shear modulus as following:
The output of 4-Channels Data Acquisition Model 9237 NI
is strain (of ±45o strain gauges) vs. time as shown in
Fig. 18(a). The strain–time relationship in this ﬁgure was con-
verted to stress–strain relationship, as shown in Fig. 18(b),
using stress-time (displacement) relationship of the PC of the
universal testing machine, Fig. 19(a). The strain values inFig. 18 are the output of ±45o strain gauges, which was con-
verted to shear strain (c12) using the following equation
25:
c12 ¼ e45  eþ45 ð2Þ
where e+45 and e45 are the measured strains of the +45
o and
45o strain gauges respectively. Because the in-plane shear
strain of +45o strain gauge is negative and vice versa for
45o as shown in Fig. 18, the resultant shear strain is positive.
Applying Eq. (2) to Fig. 18(b) the shear stress-shear strain rela-
tionship can be obtained as shown in Fig. 19(b). Thus, the in-
plane shear modulus is determined from the slope of the initial
linear portion of shear stress-shear strain curve (Dsxy/Dcxy) as
Gxy ¼ DsxyDcxy
ð3Þ
Fig. 18 Strain variation of ±45o strain gauges in Iosipescu shear test of neat epoxy.
Fig. 19 Shear stress variation in Iosipescu shear test of neat epoxy.
Table 3 Tensile and shear properties of the selected adhesives for composite joints/repairs.
Properties Materials
Neat epoxy 0.5wt% MWCNT/E 1.5wt% SiC/E 1.5wt% Al2O3/E
Tensile modulus, Em (GPa) 3.43 4.06 4.11 3.68
Shear modulus, Gm (GPa) 1.45 1.60 1.60 1.57
Poisson’s ratio, tm 0.32 0.313 0.318 0.314
Tensile strength (MPa) 75.53 81.21 78.55 75.88
Shear strength (MPa) 50.71 53.51 53.21 53.91
1298 U.A. Khashaba et al.The above procedures were repeated 20 times (5-times for each
material) to construct the shear stress (sxy) vs. shear strain (cxy)
relationships and calculating the average in-plane shear mod-
uli. Fig. 17 shows the improvements in the shear moduli of
the selected nanocomposites (adhesives) compared to neat
epoxy. The results in this ﬁgure show that the improvements
in the shear moduli of M_0.5, S_1.5, and A_1.5 nanocompos-
ites were 10.3%, 16.0%, and 8.1% respectively. Table 3 shows
summary of the mechanical properties of the developed nano-
composites (adhesives) for joints/repairs.5. Conclusions
Epocast 50-A1/946 epoxy was primarily developed for joining
and repairing of composite aircraft structural components. In
the present work, the Epocast epoxy was modiﬁed by insertion
various nanoﬁller materials with different weight percentages.
The used nanoﬁllers include Multi-Walled Carbon Nanotubes
(MWCNTs), SiC and Al2O3 nanoparticles. The fabricated
nanocomposites were characterized through tensile and in-
plane shear tests. The optimum weight percentages, which are
Nanoﬁllers modiﬁcation of Epocast 50-A1/946 epoxy for bonded joints 1299determined from the maximum improvements in the mechani-
cal properties will be used in the following papers for improving
the performance of structural adhesive joints and external
patch repairs of composite laminates. Based on the experimen-
tal results, the following conclusions can be drawn:
(1) The dispersions of spherical Al2O3 and SiC nanoparti-
cles (lower aspect ratio) are easier than MWCNTs
(higher aspect ratio), which are aggregated in the form
of bundles or ropes with highly entangled network struc-
ture that is very difﬁcult to disperse. Therefore, the
selected weight percentages of the spherical Al2O3 and
SiC nanoparticles (0.5%, 1.0%, 1.5%, 2.0%: with
0.5% increment) are higher than that for MWCNTs
(0.25%, 0.5%, 0.75%, 1.0 %: with 0.25% increment).
The total numbers of the tested specimens are 72 (52
in tension and 20 in shear), half of them are equipped
with strain gauges to measure the actual strain using
USB 4-Channels Data Acquisition Model 9237 NI con-
nected to PC.
(2) Results from tension characterizations of the fabricated
materials show that the nanocomposite materials with
0.5wt% MWCNT, 1.5wt% SiC, and 1.5wt% Al2O3
nanoparticles have the highest tensile properties com-
pared to the other nanocomposites. The improvements
in the tensile properties of these materials are respec-
tively equal to 7.5%, 4.0%, and 0.5% for tensile
strengths, and 18.2%, 19.7% and 7.1% for tensile mod-
uli compared to the neat epoxy.
(3) The in-plane shear properties (strengths and moduli) are
determined using Iosipescu shear tests in accordance
with ASTM D 5379 for the fabricated nanocomposite
materials with 0.5wt% MWCNTs, 1.5wt% SiC and
1.5wt% Al2O3. The improvements in shear properties
of these materials are respectively equal: 5.5%, 4.9%,
and 6.3% for shear strengths, and 10.3%, 16.0%, and
8.1% for shear moduli.
(4) The maximum improvement in the mechanical proper-
ties of MWCNT/E nanocomposites occurs at lower
weight percentage of MWCNTs (0.5wt%) compared
to SiC/E and Al2O3/E nanocomposites (1.5wt%). This
result can be explained in terms of three aspects: the
ﬁrst one is the difﬁculties to disperse higher aspect
ratio MWCNTs, which aggregated in the form of bun-
dles or ropes with highly entangled network structure.
The second reason is the dispersion of MWCNTs in
epoxy resin at lower sonication amplitude and time
compared to the SiC and Al2O3 nanoparticles to avoid
the damage of MWCNTs. The third reason is the
higher viscosity of MWCNT/E mixture owing to the
higher aspect ratio of MWCNTs, the lower sonication
temperature result from sonication at lower amplitude
(30%), using water/ice cooling bath, and sonication in
pulse mode. Therefore, considerable attention should
be paid to optimize the sonication parameters of
MWCNTs in epoxy resin especially that control the
viscosity of the mixture such as using of cooling bath
(water/ice, water, air), sonication temperature using
temperature probe, sonication modes (contentious or
pulse), and sonication amplitude that can affect the
viscosity of the mixture and damage the MWCNTs.(5) Failure modes of the nanocomposite materials were
investigated with the aid of the stress–strain curves
and SEM examination of some fractured specimens.
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